An investigation of the embryology of Potentilla nivea was carried out using a confocal laser scanning microscope. The crassinucellate nature of the ovule as well as the presence of a multicellular archesporium was confirmed. A ''nucellar cap'' builds up as the result of mitotic divisions in the parietal cell tissue and the nucellar epidermis. Earlier reports that several mature megagametophytes are present in each ovule was confirmed. The processes of megasporogenesis and megagametogenesis in Potentilla turned out to differ from descriptions in previous reports, and we propose a reinterpretation. Most importantly, the ''archesporium'' of previous authors is here considered to be parietal cells, whereas the ''chalazal cells'' are here interpreted as the archesporium. Meioses commonly occur, giving rise to tetrahedral tetrads. Cytologically unreduced megagametophytes arise from generative tissue (archesporial cells or megasporocytes) only and are diplosporous. Apospory does not occur. The megagametophyte is monosporic and five-nucleate; the three antipodal nuclei normally present in eightnucleate megagametophytes are missing.
What is the sexual potential in the facultative agamosperm Potentilla nivea? Or in other words, what is the proportion of cytologically reduced megagametophytes in an ovule or a flower relative to the number of unreduced megagametophytes? This was the question that set off an investigation on the embryology of Potentilla. However, megasporogenesis as well as megagametogenesis turned out to follow patterns different from those previously described, and, before the question about sexual vs. asexual reproduction could be answered, we found it necessary to reinterpret megaspore and megagametophyte development in Potentilla.
The facultatively agamospermous and pseudogamous nature of Potentilla was established by Müntzing (1928 Müntzing ( , 1931 , and the embryology of the genus was described some years later by Rutishauser (1943-P. canescens, P. verna, and P. arenaria; 1945-P. heptaphylla) , Håkans-son (1946-P. opaca, P. crantzii, P. tabernaemontani, P. collina, and P. argentea) , and Hunziker (1954-P. argentea, P. verna, and P. canescens) . The interpretation of the sporogenous tissue in apomictic members of Rosoideae began in 1901 with Murbeck's work on Alchemilla and was elaborated by Strasburger (1904) and Böös (1917) . Since the nucelli of Alchemilla and Potentilla are very similar in structure, the description of the megagametophyte development in Potentilla rests, to a large extent, on the earlier works on Alchemilla. Characteristic features for both genera include crassinucellate ovules with a multicellular archesporium (Maheshwari, 1950) . In a crassinucellate ovule many layers of cells build up between the archesporium and the nucellus epidermis, and in a multicellular archesporium more than one cell may enter meiosis and contribute to megagametophyte production. The great number of cells involved complicates the interpretation of structures observed in sectioned material. The many drawings and published results indicate that previous authors invested a lot of time and effort in their embryological studies. It is also obvious that the sectioning technique available in the first half of this century placed limits on what could be observed.
In this study we have made use of a Confocal Laser Scanning Microscope (CLSM), which was first used for plant embryological studies by Fredrikson, Carlsson, and Franksson (1988) . The instrument produces optical sections by using a laser beam and relies on autofluorescence in cleared tissue. The optical sectioning technique (1) allows screening of thousands of ovules for identification of different developmental stages, (2) provides very thin sections (0.5-1 m compared with ϳ10 m for microtome sections) that makes it possible to follow the curved outlines of cells, (3) provides video sequences, which make it easier to follow the outline of cells in three dimensions, and (4) makes possible optical sectioning of each ovule over and over again to find better cutting angles or to show nuclei more clearly. In 1950 Maheshwari described embryological work by studying microtome sectioned material this way: ''several workers have confessed with a feeling of disappointment that, in spite of repeated efforts and the study of hundreds of ovules they failed to find many of the critical stages in the process.'' The superiority of the optical sectioning technique over these older methods is clear.
Megasporocytes failing to undergo meiosis are usually considered to be the cause of agamospermy in Potentilla Fig. 2 . In this section a mitotic division is seen in the nucellar epidermis (arrow). 4. The nucellar cap is complete, and the level of activity decreases in the parietal cell rows. Very soon the cells will disintegrate and meiosis will take place. Flower in bud stage. 5. The archesporial cells undergo meiosis and form tetrahedral tetrads. The development of the right-hand tetrad was arrested after meiosis, whereas the left-hand tetrad continued to develop and has enlarged considerably. The inactive tetrad has its nuclei still inside (single arrow), whereas all megaspores of the left-hand tetrad have enlarged and the nuclei moved out into the growing tubes (group of four arrows). Flower in bud stage. 6. In this ovule meiosis has taken place as well. Here both tetrads are active but only in the right-hand tetrad have the megaspores begun to enlarge (group of four arrows). The ovule was gently squashed under the cover glass to spread the cells and make the tetrads more prominent and, therefore, depart slightly in shape from the original. Flower in bud stage. (Rutishauser, 1945; Håkansson, 1946; Hunziker, 1954; Smith, 1963a-P. tabernaemontani; this study). Cytologically unreduced megagametophytes develop and the embryos are derived from the egg or some other cell of the gametophyte. This type of agamospermy is classified as recurrent apomixis by Maheshwari (1950) . Recurrent apomixis can be divided into two subclasses: (1) generative apospory, implying that the megagametophyte is derived from the archesporium and (2) somatic apospory, implying that the megagametophyte is derived from some other cell of the nucellus. Nogler (1984) and Asker and Jerling (1992) advocate the use of the terms diplospory instead of generative apospory or gonial apospory (Battaglia, 1963) and apospory instead of somatic apospory. That terminology is accepted here. Both diplospory and apospory (sensu Asker and Jerling, 1992) are reported to exist in Potentilla, sometimes within a single ovule (Rutishauser, 1945; Håkansson, 1946; Hunziker, 1954; Smith, 1963a, b-P. crantzii) . Maheshwari (1950) states that ''the distinction between the two forms, known as generative and somatic apospory, is somewhat artificial, as it is frequently difficult to say whether the cell in question belongs to the archesporial tissue or to the ''somatic'' tissues of the nucellus,'' and we have emphasized this view in our attempt to disentangle the confusion that has arisen.
Facultatively agamospermous plants are capable of reproducing sexually as well as asexually. In the case of sexual reproduction, meiosis takes place in the megasporocyte. In plants having a multicellular archesporium, several megaspore tetrads are formed, and a number of megaspores may begin to enlarge (Maheshwari, 1950) . Since the present study was originally initiated to specify the potential degree of sexuality in a population of Potentilla nivea, traces of meiotic events were looked for in particular. Reports of linear tetrads with the chalazal megaspore functional in several species of Potentilla (Rutishauser, 1945; Håkansson, 1946; Hunziker, 1954) [Vol. 87 AMERICAN JOURNAL OF BOTANY have been generally accepted. In this study megaspore tetrads were located, and the spatial arrangement as well as the developmental history of all megaspores was studied.
Megagametophytes in Potentilla are classified as monosporic and eight-nucleate (Håkansson, 1946; Smith, 1963a) . The antipodal cells, however, are according to Czapik (1961-P. crantzii) difficult to discern during the development of a megagametophyte. In this study we followed nuclear divisions from the megaspore to the mature megagametophyte stage.
MATERIALS AND METHODS
Flowering and fruiting material was collected from four individuals of Potentilla nivea L., nom. cons. prop. (Rosaceae; Eriksen, Jonsell, and Nilsson, 1999) in their natural habitat in the Latnjajaure Valley, northern Swedish Lapland (68Њ22Ј N, 18Њ13Ј E) at 1000 m altitude. Potentilla nivea inhabits scree slopes and other open soil on calcareous substrates. It is a perennial and, in this particular population, a polyploid (2n ϭ 6x and 2n ϭ 7x), consisting of one to many rosettes of leaves united by a common rootstock. Inflorescences are lateral and bear 1-7 yellow flowers each. The gynoecium of Potentilla is apocarpous with a mean of 35 Ϯ 6 ovules (mean Ϯ 1 SD, N ϭ 77). During a period of time from mid-June to mid-July 1997 buds, flowers, or seed heads were continuously harvested in order to enhance the likelihood of getting a complete series of stages in the development of the female gametophyte. The plant material was preserved in FPA50 (formalin: propionic acid: 50% alcohol, 5:5:90) for 24 h and subsequently stored in 70% ethanol. A total of ϳ1500 ovaries were studied. Each ovary was dissected, and, at least in older stages, the integument was removed from the ovule. The nucellus tissue with megagametophytes or their initials was put into Herrs clearing fluid (Herr, 1971 ) on a slide and covered with a coverglass. The material was processed immediately or within a few hours. Optical sections of Ͻ1 m in thickness were obtained by using a Molecular Dynamics (California, USA) confocal laser scanning microscope. The procedure is described in detail in Fredrikson, Carlsson, and Franksson (1988) . Images were processed by a Kodak color video printer or electronically on a computer. In contrast to mechanically sectioned and stained tissue, which appears dark on a pale background in the light microscope, the optical sectioning technique provides an image showing the autofluorescence from the tissue as white on a black background. The advantage with the latter type of image is the logic equivalence between brightness and cellular activity.
RESULTS
The archesporium in Potentilla nivea consists of a few cells, i.e., is multicellular. In the initial stage, the archesporial cells are covered by a single-layered nucellus-epidermis. We did not find such an early stage of development in the material used for this study. The archesporial cells divide once mitotically and the lowermost of the resulting pair of cells, the primary sporogenous cells (Maheshwari, 1950) , enter a resting stage. The uppermost cells of all pairs, the primary parietal cells (Maheshwari, 1950) continue to divide mitotically and constantly add to the number of cell layers between the primary sporogenous cells and the epidermis (Figs. 1, 2) . The epidermal cells divide periclinally (Fig. 3) , and together with the parietal cells contribute to a cap-like structure. The term ''nucellar cap'' is usually applied to the layers derived from the epidermis only, but since we cannot distinguish between cells derived from the parietal cells and cells derived from the epidermis in the cap, we name the entire structure the nucellar cap. The nucellus is, thus, crassinucellate.
By the time the nucellar cap is fully grown (Fig. 4) , some of the parietal cells begin to disintegrate and the sporogenous cells enlarge to become megasporocytes. One or more megasporocytes undergo meiosis to produce in each case four megaspores in tetrahedral arrangement (Figs. 5, 6) . This is considered to be the normal condition. In some cases, however, the megasporocytes fail to divide. This will lead to the apomictic condition in which the developing megagametophytes have the unreduced chromosome number. Reduced and unreduced megaspores are distinguished by their position in the ovule as well as by their spatial relation to other megaspores. Ovules in which meiosis has taken place are swollen, and the megaspores are found in clearly tetrahedral arrangements. They form units that stick together even when the ovules are squashed. The megagametophyte tubes usually become twisted in finding their way through the dense tissue towards the nucellar cap. Due to failing division, unreduced megaspores do not make the ovule swell, they stand alone and send out their megagametophyte tubes straight towards the nucellar cap.
Each megaspore, whether reduced or unreduced, has the potential to develop into a megagametophyte, and often all four megaspores from a meiotic event and the undivided megaspores originating from the apomictic megasporocytes will initiate megagametophyte development (Figs. 7, 8) . In each ovule, typically between two and six megagametophytes will reach maturity. Most often an ovule will produce either reduced or unreduced megagametophytes, but sometimes both types seem to occur. Due to the fact that all megaspores have what appear to be equal opportunities to reach maturity, the final product, the mature ovule, has the potential to contain a mixture of megagametophytes with reduced and unreduced chromosome numbers.
Each megaspore forms a micropylar outgrowth or tube (Figs. 7, 9) , which elongates to the distal portion of the nucellar cap as the megagametophyte reaches the mature stage. The megaspore nucleus enters the tube (Fig. 10) where it undergoes the first division (Fig. 11) . The two nuclei stay in this position for some time while the tube elongates. Eventually, the micropylar nucleus moves farther into the enlarged megagametophyte, whereas the chalazal nucleus remains in place and, without further division, becomes a polar nucleus. When the megagametophyte reaches its full length the micropylar nucleus divides into two nuclei, which in turn simultaneously divide to produce four nuclei (Fig. 12) . Finally, the lowermost of the four nuclei moves to the center of the megagametophyte and fuses with the other polar nucleus, to form the central secondary nucleus. According to our observations there are no antipodal cells present in the megagametophyte. Thus, the mature megagametophyte is five-nucleate. Endosperm formation is of the free nuclear type (Fig. 13) . Rutishauser (1943 Rutishauser ( , 1945 , Håkans-son (1946) , and later authors (Hunziker, 1954; Czapik, 1961; Smith, 1963a, b) as the archesporium (embryo mother cells) is by us considered to be parietal cells and, together with the epidermis, responsible for the growth of the nucellar cap (Fig. 14) . According to our observations the cells divide mitotically and give rise to continuous rows of cells throughout the nucellus (Fig. 4) . The tissue consists of cells that in most sections appear to differ in size and shape from most other cells of the nucellus. Because of their central position, superior size, and level of activity in the early stages of ovule development, the primary parietal cells were previously interpreted as the sporogenous tissue. Rutishauser (1945) wrote: ''. . . of the generative cells the chalazal ones are usually longer than the others and are considered to be the true megasporocytes.'' As has been shown in a study on orchids (Fredrikson, Carlsson, and Franksson, 1988) , cell outlines in sectioned tissue depend to a large extent on the cutting angle relative to the direction of the cells. A cell may appear comparatively large in a section cut at a specific angle but equivalent to or even smaller than surrounding cells when cut at a less oblique angle. It is very important to translate the two-dimensional sections obtained by cutting into a three-dimensional view and not to ascribe special properties to cells on incomplete observations.
DISCUSSION

Redefinition of tissue in the nucellus-The nucellar tissue interpreted by
In plants having a multicellular archesporium, several megaspore tetrads may be formed, because more than one megaspore may initiate megagametophyte development (Maheshwari, 1950) . In most plants megaspores appear in linear tetrads, which is also the configuration reported from Potentilla by all previous workers. According to our observations, however, we do not find linear tetrads in Potentilla but rather tetrahedral tetrads. Maheshwari (1950) pointed out that a tetrahedral arrangement of megaspores is very rare and has been reported only as an abnormality. We would like to challenge this view and claim that tetrahedral tetrads form as the normal condition in Potentilla. The nucellar tissue interpreted by Rutishauser (1943) , Håkansson (1946) , Hunziker (1954) , and later authors (Czapik, 1961; Smith, 1963a, b) as ''chalazal'' is here considered to be sporogenous and ultimately may or may not undergo meiosis, but in any case, give rise to megagametophytes. Our study shows that meioses take place during a very short period of time in the young bud. Often in our study of meiosis, the ovules examined were either too young or too old. Only by screening more than a thousand ovules were we able to find a few in which meiosis had just occurred. In Figs. 5 and 6 two tetrahedral tetrads are seen in the nucellus. In Fig. 6 the tetrad to the right has just started to enlarge. In Fig. 5 the development of the right-hand tetrad was arrested after meiosis, whereas the left-hand tetrad continued to develop and has enlarged considerably. The parietal cells have disintegrated.
In previous studies, illustrations show rows of cells (often many in line), of which four are interpreted as belonging to the tetrad. This picture is typical in quite young ovules in which the parietal cells are actively dividing and still forming the nucellar cap. Sometimes the ''tetrads'' are shown as one functional megaspore and three degenerating ones. This situation is often found in somewhat older ovules, either when the parietal cells begin to disintegrate or as an artifact resulting from cutting. The interpretation of the parietal cell rows as linear tetrads comes from the work of Murbeck (1901) on Alchemilla. According to his studies Alchemilla was obligately agamospermous and the presence of tetrads puzzled him. He wrote: ''despite the tetrad development the nuclear division of the megasporocyte is not connected with a reduction in chromosome number.'' By definition a megaspore tetrad will not form without being preceded by meiosis and therefore the ''tetrads'' observed by Murbeck (1901) were most certainly parietal cell rows rather than megaspores. Unfortunately the misinterpretation was carried on to later studies on Potentilla.
By the time megasporocytes have gone through meiosis, the parietal cells begin to disintegrate and are seen as veils among the much larger megaspores. Linear tetrads were previously reported to be seen among what we interpret as parietal cells, and the meiotic events preceding the formation of megaspores were expected to be found among these cells as well. Different stages of meiosis were reported to occur in this region of the nucellus, but already at an early point there were some doubts as to whether the divisions seen were mitotic rather than meiotic. Gustafsson (1946) citing Rutishauser (1943) writes that ''the EMCs at first show early stages of meiosis (?) . . . '' and ''the EMCs remain in the meiosis-like stage and ultimately degenerate'' (EMC is embryosac mother cell, or in modern terms megasporocyte). Another example demonstrates that meioses, in what we interpret as megasporocytes, have been observed by other authors, but had not been taken seriously. Czapik (1961) notes: ''occasionally some of the chalazal cells protruding inside the archesporium seemed to attain the premeiotic stage, prophase I and even some further stages of division (dyad; metaphase)'' and she continues: ''it should be added that Rutishauser (1948) has reported the occurrence of premeiotic stages in the chalazal region of ovules of the hybrid P. canescens ϫ argentea. This author, however, considered the resp. phenomena as due to a displacement of archesporial cells.''
The autofluorescence intensity of a tissue is a measure of its nuclear activity. In photographs it is best illustrated by applying pseudocolors to the section (Fig. 15) . Orange and red colors indicate a high nuclear activity. In young buds the activity lies in the cap-producing cells. When the cap is complete and meiosis is about to occur, activity moves down to the megasporocytes at the base of the ovule. Just before the flower opens, activity is seen in the nucellar cap as megagametophytes enlarge towards the micropyle.
Quite often the megasporocytes fail to undergo meiosis and the megasporocytes transform directly into megaspores without division. The mechanisms behind failing reduction division have been studied and summarized by Maheshwari (1950) and Battaglia (1963) , but we refrain from commenting on the actual disturbance mechanism at this point. We believe it is important to look through the entire process once again in order to straighten out the concepts in light of the radically changed description of the nucellus tissue presented here.
Megagametophyte development-In most angiosperms it is the chalazal megaspore of the tetrad that (Hunziker, 1954) and by this paper. Fig. 15 . In the photographs cellular activity is indicated by yellow to red colors. While the nucellar cap is still under construction (A), the archesporium becomes active and meiotic (or no) divisions take place depending on whether the ovule is sexual, agamospermous, or both (B). By the time the megaspores have formed, also the nucellar cap has been completed, and the parietal cells have disintegrated. The megaspores or unreduced sporocytes become active (C) and start to develop into megagametophytes, which will eventually penetrate through the entire length of the nucellar cap. Scale bar ϭ 20 m.
gives rise to the megagametophyte, while the remaining three megaspores degenerate and disappear. Rarely all or any one of the four megaspores can enlarge and divide (Maheshwari, 1950) . Again, megagametophyte development in Potentilla is of a rare type. The general rule is that more than one and often all four megaspores will initiate megagametophyte development. In Fig. 6 the tetrad to the right has started to enlarge and in Figs. 7 and 9 the megaspores begin to send out the tubes that will develop into megagametophytes. The function of the tubes was not understood properly at first, as they were interpreted mainly as haustoria. ''A peculiar condition [megaspore haustoria] occurs in . . . Potentilla (Rutishauser, 1945) . . . in which the megaspores give out lateral tubes which subsequently begin to grow upward and are in the state of competition with one another'' (Maheshwari, 1950) . The enlarging reduced or unreduced cells and their tubes soon fill the entire space available as the parietal cells degenerate (Fig. 16) .
The many large cells and tubes appear completely entangled, and a cross section of the nucellus reveals a very complicated cell pattern. In one section of a series, the lowermost megaspore of a tetrad can show its full size, and the uppermost one can be small or not visible at all at that level. In another section the lowermost cell may be small or absent and the upper ones much larger. The shifting position of megagametophytes led previous authors to believe that the megagametophytes were of two kinds, originating from sporogenous and somatic ''chalazal'' cells, respectively. Since the enlarged cells were not relating to a linear tetrad formation, the megagametophytes were considered to be cytologically unreduced. Rutishauser (1943) explained the difference as follows: ''In some species of Potentilla there is a multicellular archesporium without any well-marked distinction between the axial and lateral cells of the sporogenous tissue. Embryo sacs [megagametophytes] may arise either from such cells by ordinary mitotic divisions as in P. verna (generative apospory), or from the chalazal cells of the nucellus as in P. canescens, P. praecox, and P. argentea (somatic apospory)''. Diplospory and apospory were reported to work within a single ovule in Potentilla (Rutishauser, 1945; Håkansson, 1946; Hunziker, 1954; Smith, 1963a) .
We propose that all megagametophytes originate from sporogenous chalazal cells, either by or without meiotic divisions. The high and low positions of enlarging megagametophytes in the nucellus are determined by the initial position of the reduced or unreduced megaspores rather than by ''somatic'' or sporogenous origin. Unreduced megagametophytes are usually confined to the chalazal part of the nucellus because of the fact that no reduction division has taken place. Cytologically reduced megaspores are found in large tetrads, which fill up the entire space in the center of the ovule, and the megagametophytes may originate from any megaspore positioned from the base of the nucellus to the lower edge of the nucellar cap. The reduction level of the megagametophyte cannot be deduced from the position of the megagametophyte alone. The important issue is whether or not if the terms diplospory and apospory are to be considered for cytologically unreduced megagametophytes in Potentilla nivea, the correct term for the situation is diplospory. The diplosporous megagametophyte arise from megasporocytes that fail to undergo meiosis and, thus, originate from potentially sporogenous tissue. Apospory does not exist at all in Potentilla nivea according to our observations.
The number of megaspore tetrads or unreduced megaspores in each ovule is commonly 1-3, which potentially may result in 1-12 megagametophytes. The number of mature megagametophytes found in each ovule is typically 2-6, indicating that some of the megagametophytes become arrested in their development at a comparatively early stage, as also noted by Maheshwari (1950) . In Fig.  5 , the nucleus of each megaspore in the tetrad on the right is located in the inactive megaspore, whereas all megaspores in the tetrad to the left have enlarged, and the nuclei have moved out into the growing tubes. Figure  17 shows an entire ovule with a total of six megagame- 18 . The megagametophyte of Potentilla nivea is monosporic and five-nucleate. Megaspores and unreduced sporocytes send out a tube into which the nucleus passes. The nucleus divides once (I) and the upper nucleus moves farther up into the tube. When the tube has reached its full length the upper nucleus divides into two (II), and, immediately after, the resulting two nuclei divide again (III and IV). The lowermost nucleus from the last division moves to the center of the tube and unites with the other polar nucleus. When mature the megagametophyte consists of two synergids, an egg, and two polar nuclei (united into a central nucleus). Antipodal nuclei are lacking.
tophytes. Two of the megagametophytes are seen in their full length.
Megagametophytes in Potentilla are classified as monosporic and eight-nucleate (Håkansson, 1946; Smith, 1963a) . The monosporic nature of the megagametophyte is confirmed, but we were unable to verify that the mature megagametophyte is eight-nucleate. Rather it is five-nucleate and cannot easily be assigned to the megagametophyte typology proposed by Johri (1963) . Megagametophyte development approaches the Polygonum-type (Maheshwari, 1950; Johri, 1963) but differs by the lack of nuclear divisions leading to the formation of antipodal cells. A first division of the megasporocyte nucleus into two nuclei, of which the micropylar nucleus undergoes the second division (Fig. 18) , initiates the megagametophyte development. The third division is simultaneous and involves the two micropylar nuclei resulting from the second division. By this mode of division no antipodal cells are formed. This might explain why Czapik (1961) found antipodals difficult to discern during the development of a megagametophyte and Smith (1963a) claims that the three antipodal cells show signs of degeneration at an early stage and that they were never observed in the mature megagametophyte.
By the time the flower opens the megagametophytes are mature. Usually only a single pollen tube enters the funiculus and passes on to the megagametophytes (Eriksen, personal observation), a fact that is reflected in the rarity of polyembryonic nutlets. Germination experiments reveal a polyembryony rate of less than one per thousand (Eriksen, personal observation). We did not study the fertilization process, but Håkansson (1946) has shown that, when sexual, the egg cell and central nucleus in one of the embryo sacs (megagametophytes) are fertilized. In diplosporous megagametophytes the egg cell is expected to remain unfertilized. The pseudogamous endosperm formation takes place by free nuclear division.
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